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AI IS’3’RAC!I’

‘J’hc Cul)lulellc carbc:lcs  arc ilnporta])t,  colnpol]cllts  of hydrocarbon chemistry

in low mass star forlnilkg  cores. Ilcrc wc report the first astronolnical  detection

of t}]c long chain cumu]cIIc  c.arbcllc  ]]z~G, in t}lc illtmste]lar  cloud l’h4Cl ,

froJn  observations of two of its rotational trallsit,iol)s:  J~-,K, == 717 –+ 6,6 at

18.8 GIlz slid 818 -) 7,7 at 21.5 GIIz, usillg  NASA’s I)ecp  Space Network 70

n] antcn]]a at Goldstol]c,  Califorliia.  III adclitic)ll  wc also observed tl)e shorter

cumulcnc  carbcnc,  112C4 a t  the salnc positioll. ‘1’hc fractiol]al  abundallcc  of

IIZC6 rc]ativc  to I]z is about 3 x 10-11 arjd that of 112C4 abou t  8 x 10-1O. ‘l’he

112CG abulldallcc  is ill rcasonab]c  agrccmcllt  with gas pha.sc cl]clr)ical lnodcls  for

you:lg  molecular cloud cores while the }12C4 is ]llorc aburldallt  than predicted.
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1. INTROllUC~’10N

,.

g’he detection of new culnulcne  carberlcs  is ilrlportant  for determining the hydrocarboll

chemistry in low mass star forrnilig  cores (cf. IIcttens  & Ilcrbst 1996).  l’he cumulcme

carbcne chains are also of interest in astronomy for their possible role as one of the carriers of

the diffuse interstellar bands (McCarthy et al. 1996).  IIerc wc report the first  astronomical

detection of HZ(;6 (hcxapcntacnyliclenc)  in the dark cloud  ‘] ’MC1. ‘l’his identification was

lnac]e possible by the rcccnt laboratory dctcctior]  of the rotational spcctrurn  of the long

chain cmnulene  carbons, lIzC~ and IIQC6 (Mc,Carthy et al. 1996) and the high scllsitivity  of

NASA’s l)ecp Space Network antennas at cln wavelengths.

We also observed the shorter cumulene  carbenc chains propadienyldcne,  112C3

(Ccrl~icharo  ct al. 1991, Kawaguchi et al, 1991), arid b~lttatricllylic]  cI~c 11ZC4 (Kawaguchi  et

al.)) at the same position as JIZC6 to al]ow conlparisoll  to chclnical models. 11zC4 alld  ]12C6

have linear carbon backbolles  anti Czv syrnlnet.ry,  and because of the off-axis equivalent

11-atolrls have ortho  (K+l, odd) and para (KO, evcll)  rotational states, bctwcml  which both

radiative alld  collisiollal  trallsitions  are highly forbidden. III cold I1lolccular  clouds we

expect 3/4 of the population to be in the ortho  state, a,rld elnission  froxn the K+ ~ ladders to

be slightly  stronger than froln  the KO ladder.

We also observed several other complex molecules in ‘JIMC1 to shed light on the
hycIroc.arboll  chemistry in star forlning cores. W e  find  that the carboll  chain ll~olecules

vary irl abunclarlce  among the three prillci  Pal ‘J’ MCI velocity colnponents.  l’hc culnulene

carbellcs arc distributed similarly to tllosc of other  CO IIIp]CX carbon compounds,  such as

II CZ,,+ IN ancl C,, 11, but diflcrently  frolll the cyclopropcnylidelle  ring  C- C3112. Wc c o m p a r e

t}lc  observed ratios to gas ~Jhasc chclnical  Inodcls  applopriatc  to ‘1’klCl .

2. C) I) S}IIIWA’J’IC)NS

‘1’he observations reported hcrw were  lnade with NASA’s l)ccp Space Network (l)SN)
70 I[lctcr  alli,cnlla  at GoldstoIlc,  CA be tween  (lctobe,r and Novernbcr  of 1996. 11] ac{dition

to }IZC6 we observed the fol]owing  species, IIC9N, C,S1l, ~IzC3, ]]zC4, and c-Cs~Iz,  as part
of all ongoillg  effort to study complex carbon  che.lIlistry  ill  ‘lMC1  . We list their relevant

trallsitioxls  a,nd line  frcquellcics  in ‘1’able ].

‘J’lle  observations were Inacic with a broad band (17.5 -26 GIIz) cooled ll}’;M’J1  receiver

with typical  system ten~~)eratures  of 50 - 65 K ancl the 2 rni]ljon  channel Wide llalld

Spectrolnetcr  Analyzer (WIISA).  I’he spectra were slnoothed  to resolutions in the range of

0.03 to 0.15 km S-* with a total spectral range of 20 to 40 Mllz (cf. l,angcr-  et al. 1995).
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All the observations except the 18.4 GIIz transition of IIZC6 were made using position

switching. In this mode the spectra were obtained by takixlg the consecutive difference

between the ON and o1’1’ source positions every 6 minutes. ‘1’llc right  ascension of the

01’F  source position was also chosen to be 6 rninutcx  in time to the west or east of the ON

source position such that each ON-OFF pair had the same mean elevation. ‘l’his  procedure

nlirlinlizes  base lirlc irregularities caused by atlnosphcric  fluctuations. ‘1’he presence of

scvcra] stronger ]irlcs  in the passband of the 21.5 G]]z lirle of ~IzCG and 20.8 GIIz line  of

11ZC3 allowed us to check our calibration each  observing run. Following our detection of the

21.5 GIIz line of 112C6  a frequency switching optior]  was implemented for the 1 ISN-WIISA

systcnl.  We usecl this mode for the obscrvatiorls  of the 18.8 GIIz transition of 112CG using

an ~,[) oflsct  of ().5 NI~~z between the two frequencies.

‘1’he detect ions rcportec]  here were Irladc  towarcl  ‘1’MC1  at a positiol[  RA(1950)  =

4h38’’’41S and DEC(1950)  = 25 °35’39”, corresponding to strongest IIC7N alld  IIC9N

clnission  as seen in our l)SN 70 m high spectral resolution maps (Velusalny  et al. 1996),

with a refcrerlcc  velocity V1~T u 5.8 km s-l. ‘1’hc ON source integration tixnes  for the IIZC6

]i]lcs were 23 and 18 hours for the 2] .5 alld  18.8 GIIz transitions, respectively, alld  yielded a

Colresporldixlg;  rlns  of 2.5 nlI{ and 3.5 rnI< for spectral resolutions of 0.14 arid 0,12  km s- 1.

3. RESIJI-,2”’S

III l~igllre 1 we show the s~]ectra  for t}le two detected transitiolls  of 112CG arlcl for II C$,N,

and C~l I, ‘J’he 112C6 2] .5 G’IIz transit iorl, II C9N, and C511 were observcci  silnultancously

in the salnc passband.  The spectrum of 112C4 202-- FI01 at 17.9 G}lz ixl 2’hICl  is shown  irl

P’igure 2, along with the lines of IIZC3, C61], and C-C311J. ‘J’llc  IIZC4 a,llci lIzC6 spectra peak

at N 6 km s - 1 and have peak allterllla temperatures, ‘J’,l  = 180 rnK alld 9 IILK, respectively.

]’revious  nigh  spectral resolution studies of COIIIp]CX I-rLolccu]cs,  such as CCS allcl IIC7NT ili

‘1’MC1 (I,arlgcr  et al. ]995)  found three velocity colllponcllts  at 5.7, 5.9, alld  6.1 krn s’ 1
with intrinsically narrow lillcwidths  - 0.15 to 0.20 km s- 1. Our IIZC4 spectrmn  agrees with
that of Kawaguchi  et al. observed ~ 30” away.

I II l’igures  1 and 2 it appears that the strollgest  112C4 and 112C6 emissioll  is at 5.9

km S--l. ‘J’he hint of an asymmetry suggested in these spectra is Inost  likely a scconcl

weaker (partially blcrldcd)  component at 6.1 krn s–l, exactly what is seen  in the velocity

distr ibut ion for  C511 and probably C611. I’here is 110 evidcncc  ill ]IQC4 alld  112C6 for a

co]nponcxlt  at 5.7 km s- 1. In contrast the rillg molecule c-C3112 and the lillcar form 112(13

show strong mnission  at 5.7 and 5.9 kln  s-l, and OIlly slightly less emission at 6.1 krn s–l.

‘J)he presence of strong C-C3}12  and ~12C3 emissioll  at 5.7 kln  s-1 with no evidence of l]zCCj
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or 112C4 indicates that there is significarlt  chclnical in}lomogeneity  in the hydrocarbons in

‘JIMC1 (as is known to be the case for other molcculcs). F’urthcrmore,  the C- C3112 emission

is Inuch  stronger thall  that of ]12C3  (’llA =- 2.0 K versus 0.12 K).

4. DIS(3IJSS1ON

‘1’o estimate the abundances of J12C6 alLd 112C4 in ‘1’MC1 wc adoptccl  the following

silllP]c excitation  modc]  in w}licll  wc treat each ladder as a separate linear rotor. lJ1ldcr

molecular cloud conditions the excitation of the ortho and para states of cumu]cnes  can

bc treated separately because the radiative and collisional  transitiorls  between thcm are

llcgligiblc.  l“or purposes of estimatirl,g  abull(iances  tllc  excitation of the ortho Iaddcr caxl be

treated as two sillglc,  cquiva]cnt  ]incar rotors. The energy levels of the K+ , arid K_ ~ ladclcrs

arc nearly eclual and earl bc estimated withill  170 by trcatixlg  thcm as a linear rotor with 130

=- 2(1~ + C) (1] and C are given  by McCarthy ct al.). Collisional  rate coefficients for these

s])ccics have Xlot t)ecll  calcu]atcd; wc approxinlatc  their J dcpcndcnt  values by using those

derived for the lil[car  chain molecule 11C3N (Grecrl  and Chapman 1978).

IIZC6 has a calculated dipole molnent  of 6.21) (McCarthy et al. ) and the J =- 8 ortho

lCVCIS  lic N 5 K above the ortho ground state (J = 1). With an l;instein  A coefficient

of oldcr 2 x 10 - 6 s–] this yields a critical dcrlsity  1~(112) about 5 x 10 3 CIT-1–3, irnplyixlg

that the lower levels are easily ther~nalizec]  at the density in the cores of ‘) ’lMC1  . l’igrrre  3

s~~ows  an exci tat ion ca]cu]atiorl  for the K_l ortho ladcicr  of I]2C6 and the K. para Iacidcr

of 112C,1  (usillg  a dipo]c  morncnt  of 4.5])) for a ral)gc  of fractional abundance gradients (in

krll s-‘ pc-’ ). For convenience the actual calculations were carried out with an existing
lar~;c velocity gradicllt  (I,VG)  code w]lich is essentially cquiva]cllt  to all 1;1’1; calculatio]l

fo r  o~)tically  thin lines,  wh ich  i s  a lmos t  ccrta,illly  t}lc case  fo r  the  weak  cmissioll  SCCI1  in

}12C4 alld  112(36. We  assumed  typ ica l  conditiorls  fourlcl ill the ‘J’MC1  clumps:  ‘l’~irl  D- 10

K  and n(H2)  =-- 10’  cln-3. ‘J’hc vc]ocity  gradient is cstimatccl from the lillewic~th, ~ 0.3
kln  s- 1, divided by the size of the c]nission  rcgiorl  (froln  our IIC7N  map) = 0.06 pc.  ‘1’he

total fractio]lal  abundar]ces  of ]12C4 and 112CG, after accourlting  for rnoleculcs  irl the other

ladders, a velocity g;radiellt of 5 km s- 1 pc-l, and a bca,rn cfficierlcy of 0.7, arc about 1.1 x
10--19  arid 4.7 x 10-11, respectively. ‘J1hc COIUIIIII density for ]IZC4 derived by Kawagucl!i  et

al. from scvera,l transitions at a, Ilcarby  positioll  corrcsporlds  to a fractional abundance of

8 x 10-10 (I]cttcns  ct al.) ax~d is in very  good agrcclnellt  with our value. We cstirnate  the

abundance ratio of 112C4 to 112C6 is ~ 25.

‘ }kccllt  gas phase chemical Inodels  ]Iave illcluded  reaction rlctworks  for ca]culatillg

abundances of large hydrocarbons (Millar  et al. 1995, IIcttexls,  I,cc & IIerbst  1995) and
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evcn  very large hydrocarbons (g’haddeus  1994, and IIcttcns  & Her-bst 1996). l~urthcrlnore,

laboratory data and theoretical calculations have begun to shed li~;ht on the rnechanislm

for forming the silnplcst  ring structurw cyclopropynylidy  he, C- C311, via neutral carbon

insertion into acetylene, C + C2H 2 (Kaiser et al. 1996). ‘1’o compare qualitatively our

observations with chemical xnodels we use the results of the gas phase II1OCIC1 of lMillar  et al.

(1995), which is based on one of the standarc] chcxnical  data bases  used for lnode]ing  cloud

chemistry. It includes hydrocarbon production up to 8 or 9 carbons.

In Figure  4 we plot these model abundarlces  for the carbon  chains, C2~11, C2,,.I  111,

112(32,,, and H2C2n+l,  as well as a point for C- C311Z,  for the physical conditions relcvalit to

this core of TMC1, T’~in =- 10K and n(112) =- 104 cln- 3. l~igurc 4 shows the early tilne

results of Millar et al. as only this evolutiorlary  stage has erlougb  ncutra]  carborl  to produce

a successful con]plex carbon chemistry with large hyclrocarboll  abullclanccs.  ‘1’hc late tirrles,

or steady state, solutions have too little carbon and cc)mplcx  carbon species to explain the

observations. ‘l’his result  is not surprising as other tlacers, such as CCS,  con firln the ages

of these velocity components to be < a few x 10s years (Kuiper et al. 1996, Vclusamy

et al. 1996).  Note that  the CnII  Ino]eculcx  arc preciictcd  to be IIlore abullclant  thall t h e

corresponding H2Cn molecules, as observccl.  Ilowcver,  tile  Nlillar  et al. model also ~)redicts
that 1]2C6 is more abundallt  thall }12C4 which is exactly the c)ppositc  from w]lat  wc obseI  VC.

2’llc measured H2C6 abunc]ance  ag;rem within a factor of 2 with their model calculations,

while the predicted }12C4 fractional abundance is too low by a factor w

however, that the observed }12C4/H2C6  appears consistent with the slope

with C,LII.

}]cttcms et al. explored tllc  eflccts  of various assulnpticJI!s  about t]le

25. We IIOte,

of the abunc]ance

llcutral-neutral

reactions on the prc)duction  of co Inplcx  carbon rnoleculcx  ix] ir[tcrstellar  clouds. Ilettmls

allcl  Ilerbst  (1 996) recornll”rend  usillF;  two of these chmnical  ]noclcls, the ILeW stanclard

rnoclel  (NSM)  and mode]  4 (M4), w h i c h  Lest  cxplai]l  the polyatolnic  spccics.  NSM  is

basically a modified vcr-sion of tllc  sta.llclard  ioll-lnolccule  c,llclnical schcIne  while  in M4 rapicl

llcutral-lleutral  reactions play a critical role. A kcy  feature of N14 is that the reactions, O -t-

C,, - ~ C,,-1 -t CO, for J] >2 ,  a rc  assumed rlc~;ligib]c.  Moclcl M4 of l]ettcns  et al. proviclcs
the best agreement with our 112C4 observations, k)ut is still too high by a factor of five

‘1’hc models appear to be sensitive to assulnptions  about  the llcutral-lleutral  reaction rate

cocfhcicnts  at low tclnperature.  112C6 ancl }]2C4 are important  diagrlostics  to disclilnil”la.te

alnong  models of hydrocarboli  chclllistry  irl dense cores. IIowcvcr,  Inorc  laboratory
mcasurcrncnts and astronomical observations arc ncxciecl  to resolve the hyc]rocarbon

chclliistry  in star forming corm.
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(i

observations. ‘l’he research of the JI)I, group was conducted at the Jet Prol)ulsion
],aboratory,  Ca]iforllia  I1lstitutc  of g’cchrlology, unc]cr’  contract  with the National

Aeronautics allc]  Space Adrnillistratioll. ‘1’he research of the lIarvarci group is supported
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2 ‘able 1: kflolec_l!lar_~llrallsit  ions Ob_secyec!  irl. ‘J’NI.C1 . . ------ _____
?. pccics l’ransition Rest l’requcncy R e f e r e n c e

Mlrz. . .
IIZC3 li)~ -  ol)~ 20792.563 Vrtilck et al. “

~-lIQC3 101 - ofJ~ 18343.143 }’ickctt  et al.
}12C4 202 - 1~~ 17863.8’XI Killian  et al.

Csll J=9/2 - 7/2 h’=.5-4b 21zl~47]() IJovas

c,]] Ju7/2  - 7/2 1+’= -4-3b 214 S5.262 1,ovas

C611 J=-15/2 - 13/2 F= 8-7 20792.8’U IJovas

112(;6 7 1 7- 6 16 18802.237 McCarthy et al.
ll~c~ 818-717 2148s.2% McCarthy et al,

II(;9N 37- }36 214!38.1s1 l’ickett  et al.
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F’ig;.  1--- DSN 70 rn detections of 112C6 at 21.5 alld  18.8 GIIz in ‘I’M(31. ‘l’he spectra for

112C6 at 21.5 GHz, IIC9N,  and C~II,  were all takcl~ within the same passband,  while the

112C6 18.8 GIIz line was obsmvecl separately. The source position is ItA(l 950) =-: 4h38T’’41S

allcl  I)14;C(1950)  == 25 °35’39”, with V1~r N 5.8 km s–l. ‘J’hc vertical line marks 5.9 kln  s-~.

l“jg. 2.- ‘~hc s~)cctrum  for’ }]ZC,I t o w a r d s  ‘]’kl~] is showII a]on~ with those of ]]z~3,  c-C3~IQ,

and CGI1. ‘1’hc position is the same as in l’igurc 1. ‘1’hc vertical line marks 5.!2 kl”n S-”l.

Fig.  3- ‘J’he alltcnna  t e m p e r a t u r e s  f o r  t]lC ortho lCVCIS  of H2C6 ( so l id  lillcs)  and para

ICVCIS of 112C4 (dashed lines) calculated usillg  a I.,VG excitation ?node]  and approximating

the cllcrgy  levels with a simple linear rotor (see text) as a functiorl  of J. “1’he parameters are

‘~’~~rt  L I  OK,  Il(~]z)  ~- 1 04  C111-3, a n d  L\ V/AI, z 1 klll S- 1 ~)c- 1. Curves for three fractional

abundarlces  (in units of kln S–* pc- 1 )  arc shown for cac.h IJ101CCLI1C.  ‘1’lle observecl  g’,.i  for

I]zCl (filled triangle) and H2CG (filled circles) are marked in the figures along with their

lo error  bars. ‘1’otal fractiollal  abundallccs  IIccd to include a factor for tllc  ortho  arid  para

fractio~~s,  and the velocity gradicrlt.

Fig;. 4.- ‘1’he fractional abundances of four carbon chains, C2,,II,  CQ,,+.lll, 112 C2,,+1, md
112(;  2,, (solid lines), as a function of n. ‘1’hese  arc taken from the early time solutions for
the gas phase chcnnical  lnodc]  of Millar et al. for a COIC1  CIOUd core with “l’~i,l  =- 10K and

3 ‘l’he obscn-vcd  fractic)nal  abullclanccs  of 112C4 alLd H2CG, assuming AV/41,11(112)z 104  cm-  .
-. 5:km S-l pc-l, are marked by filled boxes.
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